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Mutations in the ASXL1 (additional sex comb-like 1) gene are common in several myeloid malignancies, including 14% of patients with myelodysplastic syndrome (MDS); 2-23% with myeloproliferative neoplasms (MPN); 5% with acute myeloid leukemia (AML); and 27-49% with chronic myelomonocytic leukemia (CMML) [1] . ASXL1 mutations have also been identified in patients with clonal hematopoiesis of indeterminate potential (CHIP) [2] and are associated with adverse survival in MDS, MPN, CMML, and AML [3, 4] .
Detection of the most common ASXL1 mutation (NM_015338:c.1934dup; p.G646Wfs*12) has been controversial. An early report suggested this ASXL1 duplication mutation could be the result of polymerase chain reaction (PCR) errors as the mutation was variably present in matched germline tissue and~25% of healthy controls [5] . The c.1934dup mutation represents a one nucleotide expansion of a contiguous (or 'homopolymer') repeat of eight guanine nucleotides (GGGGGGGG) in exon 12 of ASXL1, and it is therefore possible that it represents an artifact by slipped-strand mispairing of the DNA polymerase during PCR amplification. Although this artifact may occur, subsequent reports using Sanger sequencing identified the c.1934dup mutation in blood or marrow from patients but not in matched germline samples [6] or healthy controls [7] . More recently, it was reported that this mutation could also be identified by quantitative PCR (qPCR) [8] . As patient care decisions in AML and MDS are being made increasingly based on the results of gene-panel based testing and as next-generation sequencing (NGS) methodologies represent the new standard for clinical testing [4] , a clear approach is needed to accurately identify the ASXL1 c.1934dup variant as an artifact or a somatic mutation. Therefore, we examined the c.1934dup variant in data generated using Illumina sequencing from (1) paired tumor (bone marrow) and normal (skin) DNA from patients with MDS (n = 62), and (2) tumor-only DNA from 921 patients (161 diagnosed with a hematological malignancy).
MDS patients were consented for sequencing studies on a protocol approved by the Human Research Protection Office at Washington University. Genomic DNA was extracted from paired bone marrow and skin (a surrogate for normal DNA) and enriched for all coding exons of a panel of 285 recurrently mutated genes in myeloid disease, including ASXL1, as previously described [9] . Each of the 62 patients was previously identified to have a hotspot mutation in one of three spliceosome genes: SF3B1 (n = 8), SRSF2 (n = 31), and U2AF1 (n = 23) (Fig. 1) . Captured libraries were sequenced on a HiSeq 2500 (Illumina, San Diego, CA, USA) instrument, and sequencing data were aligned and analyzed for detection of single nucleotide variants and insertions/deletions (INDELs) with matched normal DNA (see Supplementary Methods). Manual review of sequencing read alignments in the region of ASXL1 containing the eight guanine homopolymer repeat (chr20:31,022,441-31,022,450; GRCh37/hg19) for all patients revealed 19 INDELs with at least ≥ 50 × total coverage in both the marrow and skin samples, with ≥ 5 sequencing reads containing variant alleles and ≥ 0.05 (5%) variant allele fraction (VAF) in the marrow. Of these INDELs, 17 were identified as c.1934dup, in addition to one instance each of c.1932_1933insC and c.1932_1933delinsT. We queried the alignment files for all 62 paired samples using the bioinformatics tool bamreadcount (see Supplementary Methods) to assess the fraction of reads containing INDELs of varying lengths (e.g., delGG [6 G 
Using this approach, we consistently found rare delG and dupG reads in nearly every skin and marrow sample, however in most cases these reads comprised < 5% of the total counted reads and were equally represented by delG and dupG reads (Fig. 1a, b) . In contrast, we found that the c.1934dup variants identified by our standard pipeline were present in ≥ 5% of the counted reads from the marrow, as expected, and generally < 5% of the counted reads from the Fig. 1 The ASXL1 c.1934dup (p. G646Wfs*12) mutation is readily discriminated from artifact using paired tumornormal NGS data from a cohort of 62 MDS patients. skin (Fig. 1a, b) , further indicating that these c. Fig. 1d ) in the marrow, in contrast to the skin and marrow samples from non-mutated patients. Although this homopolymer repeat in ASXL1 produces a small background level of both delG and dupG INDEL reads using the Illumina platform, somatic mutations are distinguishable from background and are easily identified using a set of simple metrics, including VAF, strand bias, and insertion versus deletion (INS−DEL) reads. Using these data, we observed an enrichment of ASXL1 mutations with U2AF1 or SRSF2 mutations in our cohort of MDS patients with spliceosome gene mutations, as previously reported [10] . However, U2AF1 mutations coding for the p.Q157(P/R/H) amino-acid substitution co-occurred at a higher frequency with ASXL1 mutations, regardless of the c.1934dup variant, compared with U2AF1 mutations coding for p.S34(F/Y) ( Fig. 1a ; p = 0.0272, Fisher's exact test). This enrichment for ASXL1 mutations with U2AF1 p. Q157 mutations is consistent across several MDSsequencing cohorts [10] [11] [12] [13] , suggesting a unique cooperation between the type of U2AF1 mutation and ASXL1 (Supplementary Figure 1 and Fig. 2a ; p < 0.0001, Fisher's exact test).
Next, we validated that these dupG variants were somatic and not sequencing artifacts using Sanger sequencing as an orthogonal platform and DNA from paired marrow-skin samples from c.1934dup cases, the two non-dupG ASXL1 INDEL cases (c.1932_1933insC, c.1932_1933delinsT), and 17 other randomly selected cases that did not show evidence of the c.1934dup mutation by NGS (see Supplementary Methods). All NGS-identified c.1934dup mutations (and two other INDELs) interrogated were identified in the marrow but not the paired skin samples using Sanger sequencing ( Supplementary Figure 2A and Fig. 2b ). In addition, we found no evidence of convincing INDELs in the skin or marrow from any of the 17 non-mutated control samples ( Supplementary Figure 2A and Fig. 2b ). However, we did observe a low nonreproducible background level of sequencing artifact after the eighth guanine nucleotide present in samples tested ( Supplementary Figure 2 and Fig. 2c) . Finally, subjects with c.1934dup mutations also had VAFs that were highly reproducible from independent NGS library preparations (Fig. 2d) , again supporting that these mutations are not artifacts.
We extended these findings using bam-readcount to assess the c.1934dup variant in 921 cases diagnosed with a hematological malignancy (n = 161), a solid tumor (n = 595), or suspected somatic overgrowth spectrum disorder (SOMA) (n = 165) that were submitted to the Genomics and Pathology Services (GPS) at Washington University. For GPS cases, genomic DNA was extracted from VAFs from two independent NGS library preparation and sequencing replicates for MDS patients with the c.1934dup mutation (green triangles) or negative for the mutation (gray circles). In b−c, the filled arrowhead (▲) indicates the location of the dupG submitted tumor tissue (bone marrow, peripheral blood, or fresh tissue) and enriched for all coding exons of a panel of 130 or 178 recurrently mutated cancer genes, including ASXL1, as previously described [14] . Captured libraries were sequenced on a HiSeq 2500 (Illumina) instrument [14] and sequencing data were analyzed using bam-readcount to identify ASXL1 c.1934dup variants. Although we could find low levels of both delG and dupG reads in nearly every sample, as discussed above, these reads typically comprised < 5% of the total counted reads (Supplementary Figure 3) . We identified 13 ASXL1 c.1934dup mutations that were present in ≥ 5% of the total counted reads from the tumor, and as expected, all but two of these were identified in myeloid malignancy samples (Supplementary Figure 3) . Six additional ASXL1 INDELs were identified, including c.1933_1934del
(n = 1), c.1934del (n = 3), and c.1933_1934dup (n = 2), and confirmed by manual review. Overall, 84.6% of the c.1934dup mutations were identified in myeloid malignancy patients, and 9.4% (11 of 117) of patients with myeloid malignancies had a c.1934dup mutation (Supplementary Figure 3A) . In contrast, only 0.3% (2 of 595 patients) with solid tumors (Supplementary Figure 3B) and no SOMA patients (Supplementary Figure 3C) had evidence of the c.1934dup mutation, as expected.
Collectively, these data demonstrate that the most common ASXL1 variant is a bona fide somatic mutation and can generally be easily identified and discriminated from background 'noise' in Illumina sequencing data using a set of simple metrics, including VAF threshold, strand bias, and insertion versus deletion reads. As gene-panel based testing becomes more common in the clinical setting, appropriate platform-dependent calling of the common ASXL1 c.1934dup variant should be incorporated to ensure uniform reporting of this variant. In this regard, analysis of semiconductor-based sequencing data that is known to have reduced sequencing accuracy at genomic loci with homopolymer repeats of the same nucleotide, such as the c.1934dup mutation, may need its own optimization that is distinct from the metrics we have described here [15] . Consistent with this, while the background levels of dupG or delG reads from a small number of semiconductor-based sequencing alignment files made it difficult to call this variant using the Illumina-based metrics described here (Supplementary Figure 4) , the variant was called correctly using the Torrent Variant Caller (Thermo Fisher), and confirmed as a true variant by Sanger sequencing. Collectively, the data emphasize that platform-dependent variant calling parameters need to be optimized to identify this mutation. The true frequency of the ASXL1 c.1934dup variant in myeloid malignancies and CHIP may be greater than previously reported.
